Spherulites are birefringent sturctures with spherical symmetry, which are typically observed in crystallized polymers. We compute the band structure of opals made of close-packed assemblies of highly birefringent spherulites. We demonstrate that spherulitic birefringence of constituent spheres does not affect the symmetries of an opal, and yet significantly affects the dispersion of eigenmodes, leading to new pseudogaps in sections of the band structure, and consequently enhanced reflectivity.
Photonic crystals [1] [2] [3] , which are structures with a periodically varying refractive index, have been among the most studied systems in optics during the last few decades. This periodicity in refractive index results in the formation of photonic band gaps and modes with tailorable dispersion properties. The ability to engineer the propagation of light through a photonic crystal has resulted in a number of applications in the design of optical cavities, waveguides and optical fibers. When the band gap occurs for a certain frequency range for propagation along all directions in the photonic crystals, a complete band gap is said to be present. Complete photonic bandgaps require a very large refractive index contrast which is typically not possible for visible light using structures made of commonly available transparent dielectrics. However, partial band gaps, occurring only for propagation of light along certain directions in the crystal, can be obtained.
Opals are naturally occurring photonic crystals, and consist of a close packed assemblies of dielectric nanospheres. Several synthetic analogs, made using colloidal self assembly techniques, have also been demonstrated [4, 5] . The optical properties of a synthetic opal can be engineered by changing the size, material properties and internal structure of the constituent nanospheres [6] . Opals also serve as precursors to realizing media with more interesting photonic band structures, such as inverse opals [7] .
Optical anisotropy has been shown to facilitate complete band gaps in two dimensional photonic crystals [8] , and significantly alter the band structure of threedimensional arrays of nanospheres [9, 10] . Infiltration of photonic crystals with birefringent liquid crystals has been employed to demonstrate tunability of photonic band structure [11] . Calculations of bandstructure of opals made of birefringent uniaxial spheres have been presented by Zabel and Stroud [10] . In structures described by them, the optic axis of each sphere is aligned in the same direction. The difference in the effective index for different polarizations results in the splitting of the lowest frequency photonic bands which are degenerate in an FCC opal made of isotropic spheres. This can also be understood as a lifting of the degeneracy of these bands due to symmetry. A disadvantage of these * venkata-jayasurya.yallapragada@weizmann.ac.il birefringent sphere opals is that they cannot be realized using colloidal self-assembly, since they require precise orientation of the optic axis of each constituent sphere.
Recently, opal-like assemblies of highly birefringent core-shell nanospheres have been reported in the eyes of decapod crustaceans [12] . These spheres have been found to consist of deep-subwavelength thickness platelets arranged in a lamellar fashion around a low index core. These platelets are made of crystalline isoxanthopterin (calculated refractive indices n 1 = 1.89, n 2 = 2.02, n 3 = 1.40) and are oriented in such a way that the low index (n 3 = 1.40) axis always points radially outwards and the remaining axes are not oriented in a specific direction, effectively rendering the shell uniaxially birefringent [13] . Using Mie theory and FDTD calculations, the authors have shown that the spherulitic core-shell spheres outperform isotropic shells with similar refractive index as reflectors, exhibiting a high reflectivity over a wider band of wavelengths.
These particles belong to a class of spherical crystalline objects known as spherulites, which are spheres made of uniaxial birefringent material with the optic axis oriented in the radial direction [14] , as shown in Fig.1 (a) and Fig.1(b) . This orientation of the optic axis ensures the spherulite possesses the same rotational symmetry as an arXiv:1910.00891v1 [physics.optics] 2 Oct 2019 isotropic sphere. The dielectric tensor of a spherulite in spherical coordinates has two unique elements, ε rr = n 2 r and ε θθ = ε φφ = n 2 t , where n r and n t are refractive indices for light polarized radial and tangential to the surface of the spherulite, respectively. The variation in Cartesian coordinates is more complex, and is shown in Fig.1(c) . The optical scattering properties of individual spherulites have been studied earlier, and results indicate that spherulites are capable of scattering more efficiently in certain directions than isotropic particles of similar index contrast [15] [16] [17] . In the present article, we explore the properties of close-packed assemblies of spherulites, which we hereafter refer to as spherulite-opals. We compare the photonic band structures and reflectivity spectra of spherulite opals with those of opals made of isotropic spheres, and also study the effects of optical anisotropy and the presence of a low index core on these structures.
In order to study the effects of spherulitic birefringence on the optical properties of a spherulite opal, we have computed its photonic band structure, and compared it with opals made of isotropic spheres. In order to compute the band structure, we use the following eigenvalue equation, which is derived from Maxwell's equations [2] .
Here, ε −1 (r) is the inverse dielectric tensor at each spatial coordinate; ω and H are the frequency (eigenvalue) and magnetic field (eigenvector), respectively, corresponding to the eigenmode. Equation 1 is solved with periodic boundary conditions characteristic of the FCC lattice.
For the results that follow, we computed the eigenmodes of Maxwell's equations with periodic boundary conditions in a plane wave basis using the freely available software package MPB via its Python interface [18] . Our choice of material parameters is motivated by the index contrast between isoxanthopterin and water. We use ordinary and extraordinary indices n o = 1.4 and n e = 1.0 for the uniaxial birefringent material that constitutes the spherulites. For comparison we use opals made of optically isotropic spheres of refractive index n = 1.267, obtained by averaging the three indices of the birefringent material
We first calculate the well-known bandstructure of an opal made of isotropic dielectric spheres of radius r and refractive index n = 1.267 arranged in a close packed FCC lattice, which is shown in Fig. 2(a) . Frequencies in the band structure are expressed in units of a/λ 0 , where a is the length of the edge of the FCC cubic unit cell and λ 0 is the free space wavelength. When such opals are formed by self assembly from a colloid, interfaces parallel to the (111) plane are most commonly expressed. Features in the reflectivity spectrum at such interfaces are affected primarily by the band structure in ΓL direction [19, 20] . Pseudogaps in the ΓL section of the Brillouin zone, marked in the band structures in Fig. 2 , manifest themselves as peaks in reflectivity. The introduction of the core of radius r/2 and refractive index n = 1 results in a reduction of the effective index of the photonic crystal, and we therefore observe an overall increase in the mode frequencies. In addition, the widths of the pseudogaps are reduced, as shown in Fig. 2(b) .
The band structure of a spherulite opal with n r = 1.0 and n t = 1.4, computed with the same technique as the isotropic sphere opal, is shown in Fig. 2(c) . The ΓL pseudogaps are more pronounced and there is a pseudogap in the high frequency regime between bands 4 and 6. Also, the modes around the pseudogap are noticeably flatter than in case of the isotropic opal, indicating low group velocities. The introduction of an n = 1 core of radius r/2 in the spherulite opal reduces the width of this gap, but another gap is introduced between bands 7 and 8, as illustrated in Fig. 2(d) . These pseudogaps occur for wavelengths equal to the lattice spacing, and result from the refractive index contrast within each spherulite.
Since a spherulite has the same rotational symmetry as a sphere, the symmetry of the primitive FCC unit cell is unaffected. The dielectric tensor ε(r) within an isotropic dielectric sphere in spherical coordinates (r, θ, φ) is diagonal, with ε rr = ε θθ = ε φφ = n 2 . Any modification to the dielectric tensor of an isotropic medium that retains its diagonal nature and ensures ε θθ = ε φφ results in a spherulite and does not affect the degeneracy of the ΓL modes. In addition, the symmetry criteria that determine the ability of a mode to couple to incident light remain unchanged [21, 22] . However, there is increased contrast of refractive index within the sphere felt by electric fields polarized along the tangential and radial direction in each spherulite. Therefore the reason for the formation and enhancement of pseudogaps is qualitatively different from the case of an opal constructed from oriented birefringent spheres [10] , in which mode symmetries and degeneracies are significantly altered due to anisotropy.
We first calculated the dependence of the width of these gaps on the magnitude of spherulitic anisotropy of each sphere. The lowest order pseudogap first decreases in width and then increases with increasing anisotropy. This is shown in Fig. 3(a) , where the ratio of the pseudogap width to the frequency at the center of the gap (the gap-midgap ratio) is plotted. An intuitive description of this variation is as follows [2] . The lowest band possesses a field distribution that concentrates the fields in regions of high dielectric function i.e. the dielectric spheres. The next lowest mode is orthogonal to it, therefore has higher concentration of its field in the low-index voids between spheres. At the edges of the Brillouin zone (for example at points X and L), this leads to a difference in the frequency of these bands. The presence of a low index region within the sphere, due to the lower index for light polarized in the radial direction, reduces the frequency difference, since it evens out the effect of the voids. Therefore the lowest pseudogap reduces in width as anisotropy is increased. However, at very large values of anisotropy, this effect is overwhelmed by the larger index contrast between radial and tangential refractive indices, which leads to increased pseudogap.
The bands that lie between a/λ 0 = 1.2 and a/λ 0 = 1.4 at Γ involve diffraction from the (200) and (111) planes of the opal. The spacing of frequencies of these bands is influenced by periodicities twice the spatial frequency of the lowest pseudogap, and it is therefore intuitive that the intrinsic variation of refractive index across the spherulite leads to increased separation of mode frequencies at the zone edge. This intuition is supported by the similarity of frequencies of onset of the 4-6 pseudogap and the minimum of the 2-3 pseudogap width. The dependence of the pseudogap widths on the ratio of shell thickness to the radius is plotted in Fig.3(b) . At t/r ∼ = 0.6, both 4-6 and 7-8 gaps exist. For shells thicker than about t = 0.75r, the gap widths are quite robust to changes in the shell thickness. In a spherulite with n t = 1.4 and n r = 1.0, the dominant periodicity is from the contrast between the radial and tangential refractive indices. As a consequence the inclusion of a low index (n = 1.0) core in the spherulite does not affect the pseudogaps in the band structure as much as it does in the case of an isotropic sphere.
In order to visualize the effects of the modified band structure of spherulite opals on reflection properties, we computed the reflectivity of an interface parallel to the (111) plane of the opal at normal incidence using the Finite Difference Time Domain (FDTD) technique [23] . We used a commercial FDTD solver capable of handling inhomogeneous anisotropic media to perform these calculations [24] . The structure consisted of 18 layers of spheres, which is sufficient to fully express the features in reflectivity at frequencies above the fourth band.
The reflectivity a (111) face of an isotropic sphere opal at normal incidence is shown in Fig. 4(a) , together with the bands in the ΓL direction. The frequency range immediately above the fourth band contains several modes that couple to the incident light and the density of states is non-zero [20, 25] . The isolated peaks in reflectivity in this frequency range do not arise from pseudogaps, but result from band crossings and group velocity anomalies [26] . Introduction of a low-index core of radius r/2 does not affect the qualitative features of the reflectivity spectrum, and further reduces the lowest ΓL pseudogap, as shown in Fig. 4(b) . In case of the spherulite opal, however, there are regions of frequencies above a/λ 0 = 1.2 which exhibit near-unity reflectivity as a consequence of the presence of pseudogaps. This occurs for both solid and core shell spherulite opals, as shown in Figs. 4(c) and 4(d), respectively. In addition to pseudogaps, it is predicted that the large group index associated with the nearly flat bands also leads to increased reflectivity [21] . The reflectivity at frequencies that lie in the lowest pseudogap is less than unity because the thickness of 18 layers of the opal at these wavelengths is not sufficient to fully reflect these frequencies. Simulating thicker structures accurately for these wavelengths using FDTD would cause the simulation times to be prohibitively large.
To summarize, we performed calculations of the photonic band structure and reflectivity of a spherulite opal. The results of our calculations indicate that the unique birefringent behaviour of spherulites results in the formation of new pseudogaps in the band structure, In the band structure plots, the circular markers indicate the bands that the incident light at normal indicence can couple to. The gray areas indicate the pseudogaps shown in Fig. 2. while preserving the mode symmetries of an opal made of optically isotropic spheres. For an interface parallel to the (111) plane, these pseudogaps result in enhanced reflectivity for frequencies above the third and fourth bands. We calculated these effects using realistic material parameters inspired by recent findings in structural biology, and this provides motivation for studies of the optical properties of arrays of spherulites, and nanoscale patterned birefringent materials in general. Also, these results can inspire further exploration of biological systems for highly birefringent materials for applications in photonics.
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